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Abstract 
Entrapment of the non-wetting phase in porous media has been observed in a variety of fields such as petroleum engineering, geological storage 
of carbon dioxide, and remediation of ground water. We investigated gas trapping in porous media from a microscopic point of view. High-
resolution, three-dimensional images of pore structure and trapped gas bubbles in Berea sandstones were obtained using a micro-focused X-ray 
CT scanner. We used vertical and horizontal Berea sandstone cores, 8 mm in diameter and 15 mm long. Based on the three-dimensional image 
analysis, the statistical distribution of the trapped gas volume was estimated. Trapped bubbles have a pore-network scale size and distribute over 
several pores. In the case of the vertical core, the porosity fluctuates along the flow direction due to the layered structure. The residual gas 
saturation also fluctuates with porosity along the flow direction. The higher gas saturation in porous layers at the end of gas injection results in a 
higher trapped gas saturation compared to dense layers. On the other hand, in dense layers the gas saturation at the end of gas injection is almost 
the same as the residual gas saturation. Therefore, most of the gas injected into the dense layers would be trapped. In the case of horizontal core, 
the gas saturation at the irreducible water condition is lower than that for the vertical core, because the injected gas selectively passes through the 
more permeable layers. However, the residual gas saturation is 29.2% for the horizontal core, which is comparable with that for the vertical core 
(30.9%). Finally, the effect of capillary number on stability of trapped gas bubbles has been estimated. Trapped gas bubbles are stable against the 
increased flow rate up to a capillary number of 1.0 ×10-5.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
     Immiscible two-phase flow in porous media has been observed in a variety of fields such as petroleum 
engineering [1], geological storage of carbon dioxide [2-6], and remediation of ground water [7-11]. Two-phases are 
distinguished as wetting phase (WP) and non-wetting phase (NWP) by the wettability of each phase to the matrix of 
porous media. The difference in wettability of each of the phases and the interfacial tension result in capillary effects. 
For example, WP spontaneously imbibes porous media, while pressure higher than the entrance pressure is required 
 
* Corresponding author. Tel.: +81-88-656-7373; fax: +81-88-656-9082. 
E-mail address: suekane@me.tokushima-u.ac.jp. 
c⃝ 1 Published by E sevier Ltd.
Energy Procedia 4 (2011) 5017–5023
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2011.02.473
Op n access under CC BY-NC-ND license.
2 Author name / Energy Procedia 00 (2010) 000–000 
for the injection of NWP in porous media. Interfacial tension and wettability affect significantly the immiscible two-
phase flow.  
     When the WP imbibes porous media filled with NWP, some fraction of NWP is trapped in the porous media by 
capillarity. The entrapment of NWP in porous media by capillarity is referred to as residual trapping. In the case of 
petroleum engineering, hydrocarbons and water correspond to NWP and WP, respectively. Therefore, residual 
trapping decreases the productivity of hydrocarbons. In the case of geological storage of carbon dioxide, residual gas 
trapping enhances storage safety, because it hinders upward migration which is due to buoyancy [4].  
     The residual NWP saturation is defined by the volume ratio of trapped NWP to pores of porous media. The effect 
of capillary number Ca = μwuw/γ, where μw is the viscosity of WP, uw is the Darcy velocity of WP, and γ is the 
interfacial tension, on residual NWP saturation has been investigated experimentally for various porous media [5,12]. 
However, trapping mechanisms of NWP in porous media on the pore scale have not been clarified yet. In this paper, 
we investigated gas trapping in porous media from a microscopic point of view. High-resolution, three-dimensional 
images of pore structure and trapped gas bubbles in sandstones were obtained using a micro-focused X-ray CT 
scanner. The trapping mechanisms and the morphology of trapped NWP are discussed. The stability against 
increased WP flow rates is also discussed.  
2. Experimental apparatus and procedures 
      
 
Fig. 1 Experimental setup. The core holder is placed in the X-ray CT scanner (a), after the injection of nitrogen or 
water (b). 
     We used a micro-focused X-ray CT scanner (Comscantechno Co. Ltd. ScanXmate-RB090SS) to visualize 
structures of porous media and trapped gas bubbles [5]. Recent development in high-resolution X-ray CT scanners 
allows us direct visualization of porous structure [6,13-15]. As shown in Fig. 1a, the resolution of X-ray CT 
scanners depends on the ratio of the distance between an X-ray detector and an X-ray source and the distance 
between an object and the X-ray source. The X-ray source energy applied in our experiment was 55 kV in voltage 
and a flat panel with a resolution of 1024×1024 in pixel was used as the detector. It took about 10 minutes to 
complete one scan. During each scanning, the object was rotating at a rate of 0.59º/step, and one image was recorded 
at each angular position using a single frame. The scanning would not finish until the object completed rotating for 
360º. Finally 610 slices of images would be obtained from each scan. Accordingly, small sandstone cores 8-mm in 
diameter and 15-mm long were used to visualize trapped NWP on pore scale. Before the experiments, sandstone 
cores were baked at 450 °C for 12 hours to prevent swelling of clay. The sandstone was cored in vertical and 
horizontal directions. Namely, layers of vertical cores were oriented such that the normal to each layer surface was 
parallel to the cylinder axis as shown in Table 1. The sandstone core was coated with sleeves made from Teflon heat 
rink tubing to insulate the hydraulic connection between fluids in the sandstone and the overburden pressure. A glass 
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rod with a diameter of 2 mm was stuck to the core and the brightness value of the glass rod together with that of the 
air around the core was used as reference for image adjustment. 
     Figure 1b shows the diagrammatic illustration of experimental apparatus. A high pressure vessel supplies the 
confining pressure of 0.4 MPa to the core holder. First, nitrogen was injected in the sandstone core at several flow 
rates to evaluate the absolute permeability (Table 1). Next, the core holder was disconnected from flow lines and 
was placed in the X-ray CT scanner to take the pore structures. Then, the core holder was placed in high pressure 
vessel again, and water was injected into the core at the capillary number of 1.0×10-6. After water injection, the core 
was placed in the X-ray CT scanner and scanned again. Then nitrogen was injected again to achieve the irreducible 
water condition and the core was scanned again. Then, water was injected into the core again at the capillary number 
of 1.0×10-6 to establish residual gas condition and the core was scanned again to obtain residual gas images. During 
this water injection, about 3 pore volumes of water were injected into the core to establish the residual gas trapping 
condition. At this time, we checked that there was no gas production from the core. Then the water injection and 
scanning procedure repeated two times at elevated flow rates that correspond to the capillary number of 5.0×10-6 and 
1.0×10-5. The water and gas were injected upwards. Water was doped with 7.5 wt% NaI to enhance X-ray 
attenuation. Viscosity of doped water increases by about 7% compared with pure water at the temperatures of 20 °C 
and 40 °C, respectively. The porosity of Berea sandstone cores was 19.9% and the median pore throat diameter was 
10 μm measured by means of mercury porosimetry. 
3. Experimental results and discussions 
3.1 Distribution of trapped gas bubbles 
Fig. 2 Three-dimensional images of (a) pore structure and (b) trapped gas bubbles in a vertical Berea sandstone core.  
Image volume is over 4.63 mm in height, which is   quarter of cylinder.  
Fig. 3 Three-dimensional images of (a) pore structure and (b) trapped gas bubbles in a   horizontal Berea sandstone 
core. 
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     Three-dimensional structures of pores and trapped gas 
bubbles are shown in Figs. 2 and 3 for vertical and horizontal 
sandstone cores, respectively. These images are obtained 
using MicroAVS software by importing CT images and 
setting a suitable threshold value. Here green regions denote 
pores or trapped gas bubbles and black regions denote water 
and matrix of sandstone core. In Fig. 2 the image section 
corresponds to a vertical section of the vertical core which is 
a central one, and is representative of all similar vertical 
sections. Correspondingly, in Fig. 3 the image section 
corresponds to a horizontal section of the horizontal core, 
which is taken in the middle of the core along the vertical 
axis and is representative of all similar horizontal sections. 
Figs. 2a and 3a show the pore structure of vertical and 
horizontal cores, respectively. Sedimentary layers are able to 
be observed as the distributions of pores. The porosities of 
vertical and horizontal cores estimated from the CT images 
were 15.4% and 19.0%, respectively, in contrast with 19.9% 
by mercury porosimetry. Most of the large pores can be 
detected by X-ray CT scanning.  But the porosity based on 
CT images is affected by the threshold of CT value to distinguish nitrogen from water and matrix. Figs. 2b and 3b 
show the distributions of trapped gas bubbles for vertical and horizontal cores, respectively. Distributions of trapped 
gas bubbles reflect the distributions of pores due to sedimentary layers. The larger bubbles are trapped in the more 
porous layers. The residual gas saturations are 30.9% and 29.2% for vertical and horizontal cores, respectively, 
which are averaged values over hundreds of horizontal cross-sections along the axis of each core.  
Fig. 5 Vertical slices of (a, b) pore structure and (c, d) trapped gas bubbles in a horizontal Berea sandstone core.  
Slices (a, c) and (b, d) correspond to dense and porous layers, respectively. 
     Two-dimensional vertical slice images are also shown in Figs. 4 and 5 for vertical and horizontal sandstone cores, 
respectively. Nitrogen, of which CT attenuation is low, is denoted by black. Therefore, black regions denote pores in 
Figs. 4a and 5a, b and trapped gas bubbles in Figs. 4b and 5c, d. The matrix of sandstone and the water doped with 
NaI have almost the same CT value and are denoted by gray. White regions denote the impurity contained in matrix. 
Images in Fig. 4 correspond to a vertical section for the vertical core and are representative of all the vertical 
sections. Images in Figs. 5a and 5c are representative of a vertical section corresponding to any dense layer of the 
horizontal core. Images in Figs. 5b and 5d are representative of a vertical section corresponding to any porous layer 
of the horizontal core. These images are analyzed using the image processing program, ImageJ [16,17] and plug-in 
        
Fig. 4 Vertical slices of (a) pore structure and (b)
trapped gas bubbles in a vertical Berea sandstone
core. 
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software. Almost the same results are obtained for both vertical and horizontal cores, which show that the trapped 
gas saturations fluctuate along with the porosity and higher trapped gas saturation is achieved in more porous layers. 
     
Fig. 6 Distributions of the volume of trapped gas bubbles for the vertical (a) and horizontal (b) sandstone cores 
     Using ImageJ software the CT images are adjusted and residual gas bubbles are extracted by choosing a suitable 
threshold value according to the porosity obtained from mercury porosimetry. Then the volume of each bubble and 
the number of bubbles among each volume range are calculated to obtain the statistical distributions of the volume 
of trapped gas bubbles for the vertical and horizontal cores, as shown in Fig. 6. Data are calculated over a large 
number of sections and are representative of the whole core. Vertical axis denotes the number density of trapped gas 
bubbles, of which volumes are in the range in horizontal axis. The largest gas bubble has a volume of about 0.08 
mm3, which corresponds to a sphere of 534 μm in diameter. The large gas bubbles spread over several pores. On the 
other hand, the number density of small gas bubbles is a few orders of magnitude higher than that of large gas 
bubbles. As a result, both small and large gas bubbles contribute to the trapped gas saturation.  
3.2 Effect of heterogeneity in pore distribution on gas trapping  
Fig. 7 Axial distributions of porosity, gas saturation at irreducible water condition and residual gas saturation for (a) 
vertical and (b) horizontal cores. Horizontal axis denotes the distance from the core inlet. 
     Fig. 7 shows the axial distributions of porosity, gas saturation at irreducible water condition, and residual gas 
saturation for each core. These values are averaged in the circular cross-section of cylindrical cores. Data are 
available in a downstream region, because CT scanning does not cover a few millimetres from the inlet of the core. 
In the case of the vertical core, porosity fluctuates along the core due to sedimentary layers. Therefore, the gas 
saturation at irreducible water condition and residual gas saturation also fluctuate along the core. In porous layer 
both the gas saturation at the end of gas injection and residual gas saturation are high compared to the dense layer. In 
dense layers the gas saturation at irreducible water condition is almost the same with the residual gas saturation. 
(a) (b)
(a) (b)
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Therefore, most of the gas injected into the dense layers would be trapped. In the porous layer, higher residual gas 
saturation could be achieved but some fraction of injected gas would be mobile.  
     In the case of the horizontal core, the porosity is almost constant along the core, because the effect of 
sedimentary layer is averaged in the cross-section. The gas saturation at the irreducible water condition decreases 
along the core from 30% to 15%. The averaged gas saturation at the irreducible water condition for the horizontal 
core is lower than that for the vertical core. This fact suggests that in the case of the horizontal core the injected gas 
passes through only the more permeable layers. As shown in Table 1, the absolute permeability of the horizontal 
core is higher than that of the vertical core. The residual gas saturation distributes in the range between 20% and 
35%. On average, the residual gas saturation is 29.2% for the horizontal core that is comparable with that of the 
vertical core of 30.9%. As shown in Fig. 3b, the higher residual gas saturation is achieved in the porous layers 
compared to the dense layers, as is the same with the vertical core.  
3.3 Stability of gas trapping against injection flow rate 
Fig. 8 Effect of capillary number on axial distributions of residual gas saturation for (a) vertical and (b) horizontal 
cores 
     Authors already confirmed that the trapped gas bubble is stable against the increased capillary number, namely 
increased flow rate, even in the packed bed of glass beads 600-μm in diameter [5]. In this paper, the stability of 
trapped gas bubble against the capillary number is examined for natural sandstone. Fig. 8 shows the distributions of 
residual gas saturations at increased capillary numbers. Distributions of residual gas saturation at the capillary 
number of 1.0×10-6 here are the same with those in Fig. 7. We can see that distributions of the residual gas saturation 
remain the same up to the capillary number of 1.0×10-5 for both vertical and horizontal cores. This indicates that the 
residual trapped gas is stable against the elevated capillary number. 
4. Conclusions 
     We investigated gas trapping in porous media from a microscopic point of view. High-resolution, three-
dimensional images of pore structure and trapped gas bubbles in Berea sandstones were obtained using a micro-
focused X-ray CT scanner.  
     Based on the three-dimensional image analysis, the statistical distribution of the trapped gas volume was 
estimated. Trapped bubbles have a pore-network scale size and distribute over several pores. In the case of the 
vertical core, the porosity fluctuates along the flow direction due to the layered structure. The residual gas saturation 
also fluctuates with the porosity along the flow direction. The higher gas saturation in porous layers at the end of gas 
injection results in the higher trapped gas saturation compared to dense layers. On the other hand, in dense layers the 
gas saturation at the end of gas injection is almost the same with the residual gas saturation. Therefore, most of the 
gas injected into the dense layers would be trapped. In the case of horizontal core, the gas saturation at irreducible 
water condition is lower than that for the vertical core, because the injected gas selectively passes through the more 
permeable layers. However, the residual gas saturation is 29.2% for the horizontal core that is comparable with that 
(a) (b)
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of the vertical core of 30.9%. Finally, the effect of capillary number on stability of trapped gas bubbles has been 
estimated. Trapped gas bubbles are stable against the increased flow rate up to the capillary number of 1.0×10-5. 
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